Introduction
[2] The Taiwan Strait is a narrow passage between the East China Sea and the South China Sea. It has a shape of an asymmetric vase such that the width at the north end is about 200 km while the narrowest point is at 1/5 into the strait from the north with a width of about 130 km and the widest point is at the south end which is about 360 km ( Figure 1 ). The length of the strait is about 360 km. It is an extremely dynamic system. The dynamical setting is as follows. The area has large tidal ranges (up to 4+ m [e.g., Ding, 1983; Fang et al., 2004] ). It is strongly influenced by seasonal monsoons. Different currents converge in the limited area, causing strong frontal phenomenon. There are mainly three flows: the low salinity, highly turbid and nutrient loaded Zhemin Coastal Current [Shang et al., 2001; Xiao et al., 2002] , the warm current as a branch of the western boundary current Kuroshio bifurcated into the Luzon Strait, and the South China Sea Warm Current [Guan, 1998] . During the summer monsoon, the Hanjiang plume and upwelling around the Taiwan Bank cause convergence and fronts. During the winter monsoon, the southward-flowing low salinity and cold Zhemin coastal current enriched with nutrients dominates the northwest and central north of the strait while the highly saline Taiwan Warm current goes in the opposite direction on the southeastern and central eastern parts of the strait. The South China Sea Warm Current flows northeastward into the strait. Because of the complicated dynamical settings, the frontal systems and the flow regimes are under constant evolutions. The complicated features of flow and related fields (of biogeo-optical parameters) caused by competing forcings in the area are well known but studies on the frontal evolution process are very limited, partly because of the political division across the strait which makes a complete survey difficult. The area is also famous for extremely productive fishery field, and fishing boat traffic from both sides of the strait makes long-term moorings difficult. In this paper, we use a combination of satellite and in situ observations to map the structure and evolution of the fronts during winterspring (February -March).
Background
[3] The Taiwan Strait is shallow, with 3/4 of its area shallower than 60 m. There have been several multi-discipline surveys by researchers from the Mainland China. Although these studies were not designed to determine the fine structures, mechanisms of the frontal evolution, and effects of Taiwan Island and bathymetry changes, they provide sufficient background information. Researchers from Taiwan have also conducted ocean environmental and ecological surveys mostly concentrated in the east part of the strait although some vessel-based surveys cover the entire strait [Xiao et al., 2002; Wang et al., 2003] . The general oceanographic conditions are summarized as follows.
[4] Tides in the Taiwan Strait are predominantly semidiurnal for most of the area [Fang et al., 1999; Zeng et al., 2004] except on the southern end along the coast of the Mainland China where the diurnal tides have about half of the amplitude of the semidiurnal tides [Jan et al., 2002] . The weak diurnal tides propagate from the East China Sea to the South China Sea [Jan et al., 2002] . The semidiurnal tides, however, propagate southward along the west coast of the strait but are standing waves on the east coast of the strait along Taiwan Island [Jan et al., 2004] . Tidal range can reach 4 m or more in the strait [Ding, 1983] . An amphidromic point is located off the southwest coast of Taiwan. Tidal currents are stronger at the southeast end of the strait and reach their minimum in the middle of the strait. The orientation of the major axis of tidal ellipse changes according to the bottom contour orientation [Jan et al., 2004] .
[5] The ocean currents in the strait are mainly controlled by the Zhemin Coastal Water, the South China Sea Water, and the Kuroshio Water. In winter, the Zhemin Coastal Water flows to the south. The surface current is strongly affected by wind in different seasons, while the bottom water is mostly toward the north year round. The ocean current in the south region of the strait is quite complicated but the flow field in the waterways west and north of the Taiwan Bank is mostly toward the north in winter. In summer, all waters in the strait are controlled by the warm water from the south, with a net flow toward the northeast. But the flow field in the south and southeast of the Taiwan Bank is rather complicated which appears to be wind-driven stratified flow. The strength of the current is usually stronger in the east in summer but stronger in the west in winter (0.3 -1.5 knots) [e.g., Xiao et al., 2002] .
[6] Multi-year average indicates that the monthly mean surface current between April and September is toward the northeast with a maximum flow of about 0.3 m/s while in October -March it is toward the southwest with a maximum flow of about 0.25 m/s. The flow is closely correlated to the surface slope across the strait between the Mainland China and Taiwan Island, a Kelvin wave type relationship [Guan, 2002] .
[7] Although the monthly mean flow can be either to the north or to the south, the net transport of water through the Taiwan Strait is from the South China Sea into the East China Sea with a magnitude of 2.7-3.1 Sv in summer and 0.9-1.0 Sv in winter [Fu et al., 1991; Fang et al., 1991; Wang et al., 2003] . According to Fang and Zhao [1988] , the net northward flowing current, regardless of the mean wind direction, is caused by a mean surface slope ($2.6 Â 10 À7 ) between the northwest Pacific and the western tropical Pacific [Fang and Zhao, 1988; Fang et al., 1992] . The Taiwan Strait contributes to about 1/3 of the total annual sediment (2.6 Â 10 8 tons) input of the East China Sea [Huh and Su, 1999] , and 36% and 11% of the total nutrient input into the East China Sea in summer and winter, respectively [Chen and Wang, 1999] .
[8] In both summer and winter seasons, the southern Taiwan Strait is an area where different water masses (with different T and S) converge and fronts develop. Seasonal wind variations cause significant differences in frontal formation. In summer, the main water masses are the Hanjiang River plume, upwelling water west of the Taiwan Bank, and water from the South China Sea and the Kuroshio. The upwelling water induced front near the Dongshan Island divides the northern and southern waters, making the South China Sea water difficult to flow to the north through the waterway west of the Taiwan Bank. In contrast, water masses in winter are the Zhemin Coastal Current (coastal water along Zhejiang and Fujian Provinces) and water from the South China Sea. In general, the winter front separates the strait into colder and fresher Zhemin Coastal Current in the northwest and the warmer and saline current in the southeast.
Methods
[9] Fronts are features of sharp gradients of properties such as temperature and salinity. Although fronts in the Taiwan Strait have been known for years, the details of a synoptic view of the frontal evolution have not been investigated. The objective of this study is to present a description and analysis of a frontal passage through the Taiwan Strait in winter-spring using satellite SST images obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard satellite Terra, which was launched on December 1999. MODIS/Terra acquires data in 36 spectral bands covering the whole earth in 1 -2 days. The derived products from these 36 bands include ocean color (36 parameters), SST (4 parameters), and ocean productivity (8 parameters). In this study, we use the 11 micrometer band SST to study the winter-spring front evolution. The spatial resolution of the MODIS data used here is 1 km at nadir. The data were provided by the Goddard Earth Sciences Distributed Active Archive Center (GES DAAC) of NASA. In our study, we also use some vessel-based hydrographic observations to describe the vertical structure of the fronts and compare the spatial gradient with those obtained from the MODIS SST data.
[10] It can be seen later that the winter-spring fronts in the Taiwan Strait can be very dynamic which undergo rapid evolution over time. Therefore vessel based surveys can only provide a view mixed in space and time. Satellite data can provide synoptic views but they do not present any information for the vertical structures. Therefore, the two types of data can complement each other.
Satellite Observations
[11] The Taiwan Strait is in a subtropical area often with a heavy coverage of clouds. The quality of SST images from satellites is highly sensitive to water vapor in the atmosphere and as a result, high quality SST images from satellites are often not available. We have scanned through all available SST images from satellites and selected two images in February and a sequence of three images in [12] On March 2, 2001, warm water has already entered the Taiwan Strait for at least three weeks and reached 25°N in the center of the strait (near 120°E longitude). Cloud covers much of the Taiwan Island and its east ( Figure 2a ). The warm surface water intruding the strait bifurcates into two branches: one is along the center of the Taiwan Strait and the other hugging the west coast of the Taiwan Island. In between these two branches of warm water, is a cold water tongue having apparently separated from the Fujian coast near Pingtan Island and flowed southward into the strait. This is apparently the Zhemin coastal water. On the northwest of the fronts, i.e. on the coast of Fujian Province, the SST is on the order of 14°C, which is about 6 -8°C lower than that of the intruding warm water.
[13] The next high quality MODIS SST image is obtained about 60 hours later (Figure 2b ). The cloud on the earlier image is gone and the details of the frontal structures can be clearly seen. The intruding warm water shows three branches. The tip of the west-most branch of the warm water has reached 25.3°N. The east branch hugging the west coast of the Taiwan Island is separated from the coast, continuing going toward the north. A third branch of warm water has developed and appears to be the weakest, with a fuzzy tongue in between the two ''jaws'' (the west and east branches). Now the three branches of cold water and three branches of warm water are interleaved into each other, generating this fantastic synoptic view of the complex frontal system. The northward speed of the fronts can be estimated by the speed of translation of the tip of the west branch of the warm water, which has moved northward for about 0.3 latitude and a distance of about 40 km within 60 hours (Figures 2a and 2b ). This yields an average speed of northward translation of the fronts to be $0.20 m/s.
[14] The third good MODIS SST image is obtained 36 hours after the second image (Figure 2c ). The fronts appear to have continued moving northward with the tip of the fronts in the center of the Taiwan Strait reaching almost 25.6°N. The western branch appears to have been pushed eastward by the cold coastal water. The weak central tongue is now merged with the eastern branch on the west coast of the Taiwan Island. The SST features now appear to have more diffused boundaries with the surrounding cold water. The northward advancing speed of the warm water during this 36 hour period can be estimated to be about 35-40 km/ 36 hr. or 0.27 -0.31 m/s.
Vessel-Based Observations
[15] Two vessel-based surveys during winter-spring period of 1998 and 2000 have also demonstrated strong surface fronts in the northern Taiwan Strait. The first survey was conducted on board R/V Yanping 2 between February 20 and March 8, 1998, covering most of the area within the strait north of the Penghu Islands. Subsurface salinity and temperature were recorded using a Seabird Electronics thermosalinograph (SBE 21) with 30-second sampling intervals. Conductivity and temperature profiles in the water column were measured by a Seabird SBE 19 CTD at 30 different stations along three cross-strait transects (marked as T1, T2, and T3 on Figure 1 ). Figure 3 shows the horizontal distributions of temperature and salinity at the surface layer (0 -3 m) interpolated using the 30 CTD stations. A relatively high temperature and high salinity (HTHS) water extends northward along the western coast of Taiwan, with the tip of the tongue reaching 26°N (T $ 18°C and S $ 34). Another HTHS water (S > 33) extends northwestward (Figure 3 ). Meanwhile, a low temperature and low salinity (LTLS) coastal water protrudes southwestward off the western coast of the strait near Pingtan Island, with a temperature less than 15°C and salinity less than 31 in the upper layer. It is apparently the Zhemin coastal current which extends to the south of Jinmen during the observational period. It is generally believed that the Zhemin coastal current flows along the coast of mainland China in winter-spring time. The observations during this cruise show that the Zhemin coastal current can separate from the coast and enter the central Taiwan Strait, just as the satellite images have clearly indicated. The maximum intensity of thermal front and salinity front is estimated to be 1.2°C/km and 1.0/km, respectively from the SBE 21.
[16] Along the second transect (T2 in Figure 1 ), both the temperature and salinity profiles show minimum in the middle of the transect indicating a LTLS water (Figure 4) . As a result, a thermocline and a halocline form at $35 m. Observations using a CTD at an anchor station between T1 and T2 (Figure 1) show that both temperature and salinity in the upper layer decrease gradually. A 60-hour time series of current velocity at 10m and 40m exhibit dominant southward flow during the observational period [He et al., 1999] , suggesting that the LTLS water comes from the north. [17] The CTD profiles indicate strong stratification in the western and central Taiwan Strait. The intensities of the thermocline and halocline are À1.16 $ À0.40°C/m and 1.00 $ 0.40/m, respectively. Figure 4 clearly shows that the vertical gradients of the temperature and salinity are larger in the western than the eastern side of the strait. Along T1 and T3, the water temperature and salinity have barely any vertical variations on the east side of the strait. This is because the upper layer of the western Taiwan Strait is dominated by the LTLS Zhemin Coastal Current in winter, while the lower layer of the Taiwan Strait has HTHS water. The contrast between the upper LTLS water and the lower HTHS water causes strong thermocline and halocline. As for T2 (Figure 1) , the upper layer is affected by the LTLS Zhemin Coastal Current and the lower layer by the much saline HTHS Kuroshio intrusion water. Therefore, the overlapping of these two different water masses forms distinct thermocline and halocline.
[18] The second hydrographic survey was conducted on board R/V Ocean Researcher I between March 20 and March 25, 2000. A Seabird SBE9/11 was used at 34 stations in an area covering the northern two-thirds portion of the Taiwan Strait. The spatial coverage of this survey is similar to that of the first survey in 1998. The temperature and salinity at 10m, and 50m are shown in Figure 5 . In the upper layer (10 m), both the temperature and salinity have strong gradients in the western portion of the survey area. The warm ($20°) and saline ($33) water intrudes from the south. This is consistent with the 1998 survey and the 2001 satellite images. There is an indication that the LTLS water comes from the northwestern coast of the strait, although not as obvious as the 1998 data. Another difference between the 2000 data and the 1998 data is that there is no clear indication of a warm water along the western coast of the Taiwan Island as shown in the satellite data, although the temperature and salinity along the west coast of Taiwan do appear to be slightly higher than the offshore water. The bottom water has 1 -2 PSU higher salinity and similar water temperature as in the surface layer. This indicates that the 2000 winter-spring fronts are weaker than the 1998 and particularly the 2001 fronts.
Discussion

Strength of the Fronts
[19] The vessel-based surveys at most provide a quasisynoptic view of the fronts. To obtain an accurate estimate of the spatial gradients across the fronts, we further analyze the satellite data. For this purpose, we resample the MODIS SST in the northern Taiwan Strait in both along and across strait directions into a 89 Â 100 matrix (89 points along the strait with an equal spacing of about 2.18 km; and 100 points across the strait with an equal spacing of about 1.18 km. The resampled SSTs within a quadrilateral are shown in Figures 6a -6c . We then select nine out of the 89 cross strait lines and calculate the spatial derivative of the SST to examine the strength of the fronts at different locations within the northern Taiwan Strait. The nine selected lines are marked on Figures 6a -6c by the numbers 1 -9, respectively. The SSTs along these lines and the corresponding SST derivatives are shown in Figures 7a -7c for the three images, respectively.
[20] On the March 2 image (Figure 6a ), the tip of the narrow eastern branch of the intruding warm water ($20°C) on the west coast of Taiwan Island reaches about 24.8°N and 120.6°E between the marked cross strait lines number 2 and number 3 (Figure 6a) . Because of the influence of the cloud, SST at the northeast corner of the selected rectangular area has anomalously low values and high spatial gradients. The data set is otherwise clean. The cross strait SST derivatives at the fronts (P0 on Figure 6a ) are between 0.78-1.09°C/km (right panels of Figure 7a and Table 1 ). The tip of the wider western branch of the intruding warm water ($20°C) reaches about 25°N and 119.9°E between the marked cross strait lines number 3 and number 4 on Figure 6a . The spatial derivatives have two relatively large peaks at P1 and P2 (0.4 -0.53 and À0.66°C/km, respectively, left panels of Figure 7a ). The negative value indicates a decrease of temperature from west to east. Across the marked line number 5 on Figure 6a , the peaks of the spatial derivatives of the SST are at P3 (0.91°C/km) and P4 (À0.5°C/km, middle panels of Figure 7a and Table 1 ). Three peaks of SST derivative are found across line number 6 at P5 (1.06°C/km), P6 (À0.40°C/km), and P7 (À0.43°C/km, right panels of Figure 7a and Table 1 ). In general, the western side of the intruding warm water has larger spatial gradients of SST particularly indicated by the values at P3 and P5 (Table 1) . On this image, there is only one cold water ($17-18°C) between the bifurcated intruding warm waters (Figure 6a) .
[21] On the March 4 image (Figure 6b ), the fronts are further strengthened and become more complicated. Again, the narrow eastern branch of the intruding warm water outruns the wider western branch. The spatial derivative at the edge of the eastern branch is on the order of 0.5°C/km ( Figure 7b and Table 1 ). As described earlier, the complexity of the SST distribution in this image is shown by the third warm water between the eastern and western branches as indicated by the peak of the SST gradient at P4 along the marked line number 3. Across line number 3 we can identify three warm waters and three cold waters. The development of the third branch of the warm water is quite peculiar and the related mechanism is not investigated yet although baroclinic instability could be involved. It appears that this third branch of warm water is developed from the small tongue at P4 of Figure 6a . The valley between P2 and P4 on Figure 6a develops into a cold water tongue between P3 and P4 by the LTLS Zhemin coastal water flowing against the intruding warm water. The tip of the warm water near P4 on Figure 6a and the tip of the warm water near P4 on Figure 6b are separated for about 40 km. Again, this yields an average speed of movement of the front of about 40 km/60 hr or 0.20m/s. Across line number 3 (Figure 6b ) there are four peaks for the SST derivative at P2 (0.63), P3 (À1.20), P4 (0.75), and P5 (0.99°C/km) ( Table 1) . Across line number 4 there are three peaks for the SST derivative at P6 (0.99), P7 (À0.73), and P8 (0.9°C/km) (left panels of Figure 7b and Table 1 ). There are only two peaks along line number 5 (Figure 6b ) at P9 (1.6) and P10 (0.90°C/km) (middle panels of Figure 7b and Table 1 ). Further to the south (of line number 5), the cross strait SST distribution becomes relatively simpler such that only one major peak across one line can be identified (e.g., at P11, P12, P13, and P14) with large SST derivatives, especially at P12 where SST derivative is 1.64°C/km).
[22] On the March 6 images, the warm waters have pushed much farther to the north within only 36 hours. The SST structure of the western branch continues to become more complicated, indicated by the small tongues sticking out of the main branch (Figure 6c ). At the same time, the central branch is now merged with the eastern branch. Across line number 1 (Figure 6c ), four major peaks of SST derivative are identified (left panels of Figure 7c ) at P0(0.58), P1 (À0.82), P2 (0.45), and P3 (0.92°C/km) ( Table 1) . Four peaks (middle panels of Figure 7c ) are seen across line number 2 at P4 (0.86), P5 (À0.78), P6 (0.36) and P7 (0.7°C/km) ( Table 1) . Three peaks are seen across line number 3 (right panels of Figure 7c ) at P8 (0.45), P9 (0.40) and P10 (0.66°C/km). South of line number 4, only one main peak of SST derivative can be identified on most of the cross strait lines. There, points of large SST derivatives are all located on the west side of the warm water. It should be noted that the SST derivatives along the cross strait lines are not equivalent to the SST gradients since the fronts are not necessarily perpendicular to the cross strait lines along which the derivative is calculated. Therefore, the SST gradients are larger than the SST derivatives of Table 1 . To estimate the maximum SST gradients at the fronts, the orientation of the front line relative to the cross strait line must be considered. For example, the strongest front on the March 6 image is between P9 and P13, which has a 45°a ngle from the cross strait line. The maximum SST gradient is therefore 1.49°C/km/cos(45°) = 2.1°C/km. This is a quite significant value for SST gradients. In comparison, the SST gradient of a cross shelf front in the South Atlantic Bight is found to be mostly around 1°C/km. Only at the tip of the front where cold water plunges under the Gulf Stream, can the SST gradient exceed 2°C/km [Li et al., 2003] . In the winter-spring fronts of Taiwan Strait observed in 2001, there are numerous locations where SST gradients exceed 1.5°C/km along the western boundary of the fronts, underlining the dynamic nature of the frontal system.
Transport Through Taiwan Strait
[23] As shown earlier, between March 2 and March 4, the northward translation speed of the tip of the front in the center of the Taiwan Strait is about 0.20 m/s. Assuming a mean depth of about 50 m, and a width of the warm current to be about 80 km, the total transport associated with the warm water intrusion is therefore 80 km Â 50 m Â 0.20 m/s = 0.8 SV. Between March 4 and March 6, the northward translation speed of the tip of the fronts in the center of the Taiwan Strait is about 0.28 -0.31 m/s. This is correspondent to about 1 SV. These transport values seem to be consistent with previous studies of the transport through the strait [Fang et al., 1991; Wang et al., 2003] , which have showed a winter transport between 0.9 -1 SV. This is also on the same order of magnitude as the modeling result (forced by monthly conditions) of transport through the Taiwan Strait [Xue et al., 2004] . It should be noted however that the actual transport value can be highly variable. Teague et al. [2003] used four bottom mounted ADCPs across the Taiwan Strait and found highly variable transport through the strait during October -December 1999. Jan and Chao [2003] demonstrated with eight ADCP surveys along a 32 km line across the Penghu Channel, each repeating twice, that the winter time transport through the Penghu Channel is correlated with the northeast monsoon and the net through-flow transport can be zero (corresponding to no warm water intrusion) during the peak northeast monsoon and 0.5 -1 Sv. as the monsoon decreases toward the spring.
Summary
[24] We have analyzed a sequence of MODIS SST images of the Taiwan Strait, obtained in February -March 2001, which shows the evolution of surface fronts caused by the northward intrusion of warm water ($20-25°C) bifurcated from the Kuroshio. The fronts show some complicated structures composed of or strongly influenced by different current systems, including the low salinity and low temperature Zhemin coastal current and the warm current as a branch of the western boundary current (Kuroshio), bifurcated into the Luzon Strait. Because of the strong tidal forcing in the area (tidal range $4 m), strong seasonal monsoons, and contrasting hydrographic characteristics of the coastal and ocean currents, the fronts are unique and extremely dynamic. Warm and cold water currents appear to interleave into each other causing complicated frontal structures that have strong spatial gradients, which are confirmed in vessel-based observations conducted in the winter-spring of 1998 and 2000. On the west side of the strait, the cold water along the coast of mainland China and the warm water cause a sharp SST front in the direction of the major axis of the strait. The frontal structures are simpler in the south and more complex in the north, where at times there are three warm water intrusions. On the west coast of Taiwan it has a coastally trapped warm water that later, after passing the island, separates from the island and shoots into the East China Sea continental shelf parallel to the Kuroshio. West of the strait it has another branch of intruding warm water which does not touch the west coast of the strait. The observations of similar fronts in different years indicate that they recur in winter-spring but the frequency of recurrence is not established yet.
[25] The maximum spatial gradient of the SST is estimated to be about 2°C per km. Based on the satellite SST time series, the northward speed of the warm water is estimated to be 0.15 -0.31 m/s. The actual speed however varies and during February -March 2001 the frontal movement toward the north appears to accelerate during the latter stages of the passage. The timescale of the frontal passage through the entire strait is estimated to be at least four weeks. The associated total transport is estimated to be 0.6-1 SV during the 2001 frontal event, comparable to the total cross strait transport during winter times given by previous studies [Fang et al., 1991; Wang et al., 2003] .
[26] Vessel-based hydrographic surveys conducted in the winter-spring of 1998 and 2000 also demonstrate frontal events in roughly the same area in the northern portion of the strait. The in situ data provide vertical structures of the fronts. The fronts of 1998 and 2000 appear to have smaller spatial gradients of temperature than that of 2001 from the satellite observations. The frontal structures also have some spatial variability such that the 2001 satellite data demonstrate a far reaching northward flowing warm water along the coast of the western Taiwan. On the other hand, the weaker spatial gradients from the in situ observations may be caused by the sparse nature of the observations. The spatial resolution of the MODIS SST can reach 1 km at nadir, which cannot be achieved uniformly by a vessel-based survey. In addition, the MODIS samples a single swath of 1354 by 2030 data points (roughly 1300 km by 2000 km) in only five minutes, while the vessel-based surveys need a few days to cover the study area, making the spatial distributions mixed in time and space. Therefore, the spatial gradients calculated from the satellite data are based on synoptic observations and are more accurate.
[27] The dynamical processes involving these fronts should have significant implications to the fish populations, and other aspects of the marine bio-geo-chemical environment. We expect that future observational studies and numerical modeling will further resolve the three-dimensional structure of the fronts and provide more insights to the dynamics of their formation and dissipation.
